Cryoprotection of suspension cultures of sugarcane cells (Saccharum sp.) during freezing to various temperatures was tested using glucose, dimethylsulfoxide, and ethylene glycol at various concentrations, alone and in combinations. Viability of the thawed cells was assessed by triphenyltetrazolium chloride reduction, cell growth, and microscopic examination. Enhanced cryoprotection-as much as a doubling in viability value-was achieved by employing glucose and dimethylsulfoxide in mixtures, as compared with the lesser cryoprotective effect of either compound alone, at 1.9 molar total concentration in all cases; the mixture was most effective at a concentration of about 1.9 molar, with a molar ratio of the two components of about 1:3, respectively. Much of the increase in viability value arose from a decrease in toxic effect that came about through mixing the cryoprotective agents. Binary mixtures containing ethylene glycol and either glucose or dimethylsulfoxide were less effective and more toxic than comparable glucose-dimethylsulfoxide mixtures. Use of the optimized latter mixture allowed freezing of these tropical cells to -23 C with little decrease in survival, or to -40 C, still with the capability for delayed growth.
Many benefits, experimental and practical, are to be expected from the viable, low temperature frozen storage of plant tissues (1, 14, 26) . In attempting to attain this goal, investigators have examined and attempted to understand or imitate the yearly adaptation undergone by temperate zone plants during their natural freeze-hardening process (8, 9) .
During freeze-hardening, a large number of physical and chemical changes take place within the plant. These include tissue dehydration and the degradation and resynthesis of whole classes of chemical compounds of both low and high mol wt, whose cryoprotective roles are poorly understood (8, 15) . In studying the protection of cultured plant cells against freezing damage in vitro, investigators have added chemical agents, singly or sometimes in arbitrary appearing combinations (4, 7, 12, 13, 17, 22) . A drawback in the use of cryoprotective agents is a toxic effect on the treated cells, in itself a severe deterrent to their survival. In an attempt to rationalize, systematize, and comprehend the roles of such substances in freezing protection, we initiated an exploration of the effects of single additives at various concentrations, and of combinations of them to maximize the cryoprotective effect while, if possible, minimizing chemical toxicity. A better understanding of the effects of cryoprotective substances on the complex cellular reorientations involved in survival of cell freezing, and also of the origins of freezing damage itself and of natural freeze protection, could be derived from such information.
Cultures of sugarcane were used as the test material. As with many other vegetatively propagated crops (and in contrast to those plant species whose pure lines are best propagated through seeds) the seeds of the multiple polyploidic sugarcane cannot be relied upon for a straight line display of characteristics (16, 21 Actively growing cells were usually harvested for freezing experiments 6 to 9 days after inoculation. The cell suspension was concentrated to a convenient cell density by decanting supernatant medium, after allowing the heterogeneous mixture of cell clump sizes to settle for 10 min. Aliquots (1-2 ml) from the gently stirred suspension were then distributed into graduated tubes in a routine randomized manner and chilled on ice. An equal volume of cold cryoprotective solution was added progressively in 0.3-ml increments, with stirring, over a period of 15 to 35 min. By the method of Sugawara and Sakai (22) , modified, the sample suspensions were immersed in a -10 C bath for 2 min, then nucleated by chilling each sample with an external wedge of dry ice and placed in successive baths as follows: -10 C, - Each experiment with the same treatments were repeated several times as needed to determine the pattern of result even when it was not possible to have the treatment set complete for all repetitions. Key results were handled statistically. In order to allow the assembly of figure data and to permit the comparisons among treatments to be made on a within-experiment basis, each set of experiments was subjected to separate analyses of variance (18) , including the use of general least squares analysis of variance when required for data with unequal subclass numbers (25)-see figure legends. These procedures allowed the removal of population differences between experiments in assessing the experimental error (variance).
In order to ascertain the degree to which TTC zen and thawed. Two sets of samples from the same culture were treated in parallel, one (aseptically) for turbidometric measurements of cell growth, made over a several-week period, the other (without aseptic precautions) for the immediate determination of TTC reduction capability by the treated cells. The growth of cells after freezing, washing, and transferring to fresh medium, and the corresponding TTC values, were both recorded.
The addition of cryoprotectants was toxic to cells, expressed as both a decrease in TTC values at 0 C and a lengthened lag period during growth of unfrozen cells, with increasingly greater effects at greater concentrations. (See Fig. 1 for the effects on TTC values.) However, adding cryoprotectants also had the effect of decreasing the damage to frozen cells (increased TTC values). Figure 4 illustrates that the toxic effect from a cryoprotectant can be more than compensated through an increased protection against low temperature freezing damage. In the figure, cryoprotection by 8%:12% Glu-DMSO at -23 C was almost complete in terms of growth capability. A proportion of the cryoprotected cells survived freezing even to -40 C. In this case, growth was observed after a long lag period. By contrast with cryoprotected cells, unprotected cells showed no growth after being frozen to -23 C or even to -15 C. TTC values of unprotected cells, also shown in the figure, were likewise reduced almost to zero. Accumulated data have shown that, as illustrated in the figure, TTC values and growth of cell samples that are run in parallel agree with each other generally, even if not strictly proportionally, as has also been described for other tissues (20, 24) .
Effects on Cell Structure. When sugarcane cells are frozen to -15 C or below without cryoprotective additions, irreversible plasmolysis is observed in all cells. The photomicrograph in Figure   5 illustrates that in the absence of freezing, permanent plasmolysis is produced in a proportion of the cells merely through adding (then washing out) cryoprotective agent (8%:12% Glu-DMSO (Fig. 1 ). It appears that most of those cells that were in a condition to survive the toxic effect from treatment with cryoprotectant (unplasmolyzed cells of Fig. 5 ) were also modified by that treatment to become resistant to subsequent damage from freezing to -15 C or -23 C. DISCUSSION When the described cryoprotective agents were used as a combination, the combination was more effective than were the single components in preventing freezing damage to sugarcane cells. Use of Glu and DMSO at about 1.9 M total concentration achieved maximum cryoprotection of these cells. Increases in cryoprotectant concentration of up to 1.9 M resulted in extending the survival plateau to lower temperatures; beyond this concentration toxic effects began to predominate (Fig. 1) (Fig. 4) . Combinations of ethylene glycol, especially with Glu, are also more effective than the single cryoadditives, as noted similarly in kale stem sections by Samygin and Matveeva (17) ; but pairs of compounds containing ethylene glycol fell short of the degree of protection by . Photomicrograph of unfrozen sugarcane cells exposed to 8%:12% Glu-DMSO at near 0 C, then washed (x 814). their large, irreversible toxic effects on the cells; but when cryoprotectants were added in the described combinations, a benefit appeared in the form of a decrease in the relative reagent toxicity (Fig. 2, 0 C curve) . This diminished toxic effect-like the beneficial effect on over-all freezing protection already noted-is maximal near an 8%:10%o ratio of Glu-DMSO. If the toxicity of the compounds in a combination of cryoprotectants is less than additive, through competition for combining sites, while cryoprotection is additive (for example, in decreasing the water activity), then the over-all protective effect observed on freezing the cells in a mixture of cryoprotectants would be more than additive-a threshold-like phenomenon, as appears from the figure.
From the experiments we could not determine whether the increase in low temperature protection from using mixtures of cryoprotectants might not, indeed, be due primarily to the decrease in toxicity from the combined reagent mixture.
TTC value, as an indicator of cell viability, was found here to be quite precise for replicate samples within a treatment; but yet, the TTC values resulting from experimental treatments (Fig. 4 A parallelism was observed between two indicators of cell damage, namely, permanent plasmolysis and loss of TTC reduction, when cells were treated with cryoprotectant or frozen (or both). The observed plasmolytic behavior served to authenticate, and also to explain, both the large decrease in TTC values resulting from use of additives at 0 C (Fig. 1) , and the but small additional decrease sustained when these cells are then frozen to -15 C or -23 C. Since freezing the protected cells to these temperatures did not appear to increase the fraction of damaged cells greatly, it may be assumed that a major proportion of those cells that were not damaged by the chemical toxicity of the protectant were, instead, cryoprotected. It would be important to explore further both the structural and physiological differences that make particular cells more susceptible than others to injury by the cryoprotective compounds, and methods by which this injury might be avoided and thereby increase the proportion of freeze-viable cells.
Since a combination of two additives, particularly Glu and DMSO, of differing chemical properties demonstrated enhanced protection of the cane cells, it seems reasonable that other cryoprotective compounds of still other chemical properties might enhance the effect still further. In fact, this concept has been followed, using PEG in combination with both Glu and DMSO, with the result that protection of sugarcane cells to the temperature of liquid N2 has been achieved (5). Further detailed observation of the interactions-cryoprotective and toxic-of such compounds with plant tissues could lead to a better comprehension of the mechanisms of both artificial and in vivo freezing protection.
It seems likely, too, that through the use of combinations of cryoprotective agents, an enhanced cryoprotection of other species than sugarcane might be found, including many species whose tissues are less cold-sensitive than this tropical grass.
